The gram-positive oral pathogen Streptococcus mutans contains two paralogs of the evolutionarily conserved Oxa/YidC/ Alb family of membrane-associated chaperones that mediate and contribute to the insertion and folding of membrane proteins and multisubunit complexes. Both are expressed in S. mutans, and removal of yidC2, but not yidC1, results in a stress-sensitive phenotype (acid, osmotic, and oxidative stresses) similar to that observed following the nonlethal disruption of the signal recognition particle (SRP) cotranslational protein translocation pathway in this organism (14) . Elimination of yidC1 has a far less readily apparent phenotype and does not affect S. mutans growth nearly to the extent of yidC2 removal under stress or nonstress conditions, although like those without yidC2, cells lacking yidC1 are impaired in biofilm formation (36) . S. mutans is a major causative agent of human dental caries, which results from its ability to metabolize a wide range of dietary carbohydrates, leading to the production of lactic acid and erosion of the tooth enamel. Acid tolerance in S. mutans is mediated in large part by an F 1 F o ATPase proton pump (4) , and removal of genes encoding either SRP pathway components or YidC2 results in a significant decrease in but not complete elimination of membrane-associated ATPase activity (14) , partially explaining the acid sensitivity of these mutants.
In addition to bacteria, YidC family members are found in mitochondria (Oxa) and chloroplasts (Alb) (26, 49) . Indeed, the initial discovery of YidC members and their role in membrane biogenesis came from studies in mitochondria (for a review, see reference 42). The mitochondrial YidC ortholog Oxa1 was shown to be required for the incorporation of the F 1 F o ATPase and cytochrome bo oxidase into the inner membranes of mitochondria (1, 2, 6, 7, 23) . Later studies revealed that Oxa1 was critical for the insertion of subunit II of cytochrome c oxidase and an artificial F 1 F o ATPase Su9 derivative (Su9 is homologous to subunit c of the bacterial F 1 F o ATPase) into the mitochondrial inner membrane (16) (17) (18) . In chloroplasts, Alb3 was shown to be critical for the membrane integration of light-harvesting chlorophyll-binding protein into thylakoidal membranes (29) . In Escherichia coli, the sole YidC ortholog is known to participate in two membrane protein integration pathways. In the YidC-only pathway, YidC catalyzes the insertion of the Sec-independent proteins, such as M13 procoat, Pf3 coat protein and subunit c of the F 1 F o ATP synthase (10, 38, 40, 45, 47, 51) . In this membrane insertion process, YidC makes contact with the hydrophobic region of the membrane protein substrate (10, 45) . For insertion of Secdependent proteins, the role of YidC has not been fully defined. However, YidC is required for membrane insertion of several Sec-dependent proteins, including subunit a of the F 1 F o ATPase and certain M13 phage procoat derivatives (12, 50) . YidC also mediates the membrane insertion/integration process of Sec-dependent proteins, as cross-linking studies have shown that the hydrophobic domain of leader peptidase, FtsQ, and mannitol permease interacts with YidC (20, 38, 39) . In addition, YidC has been shown to function as an assembly site for hydrophobic regions of multispanning membrane proteins (3) and to have a chaperone function for the Lac permease (30) .
Conservation of function of YidC family members in organelles and E. coli has been illustrated by studies using heterologous systems. The chloroplast protein Alb3 can substitute for YidC in E. coli and promote membrane insertion of several Sec-independent proteins in the bacterial system (22) . In addition, mitochondrial Oxa1 can functionally replace YidC in E. coli (33) , and YidC variants can substitute for Oxa1 in the membrane biogenesis of mitochondrial inner membrane proteins (46) . In light of its participation in the insertion of membrane integral F 1 F o ATPase subunits, the current study was undertaken to evaluate the ability of E. coli YidC to restore stress tolerance, particularly acid tolerance, to S. mutans lacking YidC2. Likewise, the functional activities of S. mutans YidC1 and YidC2 were evaluated in E. coli, the bacterium in which YidC has been most extensively characterized and in which its elimination is lethal (38) . Not surprisingly, considering the reported examples of Oxa/YidC/Alb heterologous complementation, functional overlap was observed between the family members in gram-positive and gram-negative organisms when they were expressed in S. mutans and E. coli backgrounds. However, several differences in relative complementation abilities among the bacterial proteins were also noted, suggesting that the full range of functional activities of each is optimized within the homologous organism.
MATERIALS AND METHODS

Materials.
Amino acids, M9 minimal salts and lysozyme were obtained from Sigma. Proteinase K and a plasmid miniprep kit was from Qiagen. Anti-hemagglutinin, anti-GroEL antiserum was from Sigma. Anti-YidCf (against full-length YidC), anti-YidCc (against the C-terminal peptide), anti-leader peptidase (antiLep), and anti-OmpA antiserum were from Ross Dalbey's laboratory collection. Anti-YidC1c and anti-YidC2c (against C-terminal peptides) were from Jeannine Brady's laboratory. Anti-PspA was a gift from Jan Tommassen at Utrecht University. BD Talon metal affinity resin was purchased from BD Bioscience. The enhanced chemiluminescence Western blotting kit was from Amersham Bioscience.
Strains and plasmids. The E. coli YidC depletion strain JS7131, plasmid pMS119, and pACYC184 were from Ross Dalbey's laboratory stock. pMS119, which contains the tac promoter and lacI q , was used to overproduce substrates of YidC. pMS119-a-P2, pMS119-c-10h-tag, pMS119-CyoA-N-P2, and pMS119-PClep were constructed as described previously (9, 11, 50, 51) . The plasmid vector pACYC184 was used to express E. coli yidC or S. mutans yidC1 and yidC2 in E. coli. Previously, yidC along with its upstream region, including the promoter and ribosome-binding site, was cloned into pACYC184 (22) . S. mutans strain NG8 was a gift from Ken Knox at the University of Sydney. S. mutans strains AH374 (⌬yidC1) and AH398 (⌬yidC2) were generated previously in the Brady laboratory (14) . The shuttle vector pDL289 (8) was used to express E. coli yidC in S. mutans. MC1060 was obtained from the E. coli Genetic Resources Center (Yale University) and is the wild-type parent strain of JS7131. 1100⌬BC was a gift from Brian Cain at the University of Florida and is devoid of functional F 1 F o ATP synthase (41) .
Construction of chimeric E. coli yidC and introduction into S. mutans. All plasmid preparations and gel extractions were completed by using Qiagen QIAquick kits. Standard molecular cloning was preformed using enzymes and buffers from New England Biolabs. E. coli yidC with a deletion of DNA encoding the Nterminal 58 amino acids was PCR amplified from pACYC184-YidC plasmid DNA. Vent DNA polymerase, the forward primer SP1F (5Ј AAACTGCCTAG GGGTTAAGACCGACGTG 3Ј), containing an engineered AvrII site (underlined), and the reverse primer AH41R (5Ј TTTCCCGGGTTATTTCTTCTCG CGGCTATG 3Ј), containing an engineered SmaI site, were used in a standard PCR following the enzyme manufacturer's directions. The 1.4-kb product was cloned into the Zero Blunt TOPO PCR cloning vector from Invitrogen and transformed into Invitrogen chemically competent TOPO10 E. coli cells. The correct orientation was confirmed by enzyme digestion, and the 1.5-kb insert was excised using the multiple-cloning HindIII site from the vector and the engineered AvrII site in the PCR product and then gel extracted by using the QIAquick gel extraction kit. DNA encoding the first 50 amino acids of YidC2 and including the promoter region was PCR amplified from S. mutans NG8 genomic DNA using the forward primer AH39F (5Ј CCCGGGAAATAAATG CCAACCTTCAATCA 3Ј) with an engineered SmaI site (underlined) and the reverse primer SP1R (5Ј AAAACCTAGGGATAACACTTCCCATTGG 3Ј) with an engineered AvrII site (underlined). This amplified product was restricted and ligated into pACYC184 digested with EcoRV and transformed into chemically competent TOPO10 E. coli cells (Invitrogen). Plasmid preparations were screened for correct orientation by enzyme digestion. Plasmid DNA from the correct clone was digested with AvrII and HindIII and gel extracted. pACYC184 containing DNA encoding the first predicted transmembrane segment of YidC2 was ligated to the 1.5-kb HindIII-AvrII fragment containing E. coli yidC, encoding amino acids 59 to 548. The chimeric gene in which DNA encoding the first 59 amino acids of E. coli YidC was replaced with that encoding amino acids 1 to 50 of S. mutans YidC2 (2.2 kb) was excised from pACYC184 with SmaI and then cloned into the shuttle vector pDL289, to generate p50YidC. The correct construct was confirmed by DNA sequencing, and the plasmid was transformed into S. mutans AH398 (⌬yidC2) by electroporation (34) .
Construction of pCR2.1-yidC1 and pCR2.1-yidC2. The TOPO TA cloning kit from Invitrogen was used to clone S. mutans yidC1 and yidC2 into pCR2.1-TOPO. yidC1 and yidC2 were PCR amplified from UA159 genomic DNA using the following primers: for yidC1, AH30F (5Ј GTGAAAAAGAAATATAGAA TTATTGGATT 3Ј) and AH30R (5Ј GAGCCTTCATACGAGAAATACCCA 3Ј); for yidC2, AH31F (5Ј GTGAAAAAAATTTACAAGCGTCTT 3Ј) and AH31R (5Ј AGCTTATTGCTTATGGTGACGC 3Ј). The PCR products were cleaned by using Qiagen QIAquick kits and then cloned into pCR2.1-TOPO following the manufacturer's directions.
Construction of chimeric S. mutans yidC1 and yidC2 and introduction into E. coli. The pCR2.1 vector has a NotI (compatible with EagI) restriction site shortly upstream of yidC1 or yidC2 and an EagI site shortly downstream of them. To construct pACYC184-247YidC1, the EagI fragment from pCR2.1-YidC1 containing yidC1 was inserted into pACYC184-YidC downstream of the yidC stop codon, giving plasmid pACYC184-YidC-YidC1. Additional DNA sequences encoding amino acids after the 247th of YidC and before the 26th of YidC1 were deleted by oligonucleotide-directed loop-out mutagenesis by the QuickChange method. Looping out the DNA sequences encoding the sequence between the first amino acid of YidC and the second amino acid of YidC1 in pACYC184-YidC-YidC1 generates plasmid pACYC184-YidC1. The same strategy was used to construct pACYC184-247YidC2 and pACYC184-YidC2. To construct pACYC184-YidC1-YidC2, one EagI site was introduced into pACYC184-YidC2 upstream of its yidC promoter region (note that the previous EagI site was looped out during construction of pACYC184-YidC2). Then the EagI fragment from pACYC184-YidC2 containing yidC2 was inserted into pACYC184-YidC1 downstream of yidC1. Therefore, production of 247YidC1, 247YidC2, YidC1, and YidC2 was under the control of the yidC promoter.
S. mutans growth curves and complementation in THYE broth. Growth of the S. mutans strain was as described previously (14) with the following changes: overnight cultures of S. mutans wild-type strain NG8, AH374 (⌬yidC1), AH398 (⌬yidC2), and AH398, harboring p50YidC, were diluted 1:20 in THYE (pH 7.0) medium without antibiotics and grown to an optical density at 600 nm (OD 600 ) of 0.4. A 100-well Bioscreen C plate (Labsystems, Helsinki, Finland) was filled with 300 l of prewarmed medium (THYE pH 7.0, THYE pH 5.0, or THYE pH 7.0 with 4% NaCl). Wells were inoculated with 30 l of culture and grown for 16 h, with absorbance recorded every 15 min.
YidC depletion from E. coli. JS7131 cells were grown in LB medium supplemented with 0.2% arabinose at 37°C overnight. After being washed with plain LB twice, the overnight culture was diluted 1:50 in LB containing 0.2% arabinose to express YidC or 0.2% glucose to deplete YidC and grown for ϳ3 h, at which point a significant growth defect was observed for the glucose culture compared with the arabinose culture. VOL. 190, 2008 EVOLUTIONARILY CONSERVED YidC/Oxa1/Alb3 PROTEINS 2459
Complementation of E. coli growth in LB broth. To determine whether S. mutans YidC1 and YidC2 could complement JS7131 in broth grown cultures, cells were grown overnight at 37°C in LB medium containing 0.2% arabinose. Overnight cultures were diluted 1:10 in fresh LB medium containing 0.2% arabinose and grown to an OD 600 of 0.7 to 0.8. Cultures were washed once with plain LB and diluted 1:20 in LB medium with 0.2% glucose. Cultures were grown at 37°C for 2 h in order to deplete YidC. After YidC depletion, cultures were diluted 1:25 into fresh LB with 0.2% glucose or LB with 0.2% arabinose. Then 200 l of each culture was applied in triplicate to a 100-well Bioscreen C plate that was inserted into a Bioscreen C machine (Labsystems, Helsinki, Finland), set at 37°C to read the OD 600 every 15 min for 5 h with shaking for 10 min between readings. Doubling times for each strain were calculated as previously described (14) . Spectinomycin (25 g/ml) and chloramphenicol (50 g/ml) were used where appropriate.
Membrane vesicle preparation. Strain JS7131 complemented with S. mutans YidC1 and YidC2 constructs was grown in LB medium containing 0.2% arabinose. E. coli 1100⌬BC was grown in LB medium containing 0.2% glucose. After overnight incubation at 37°C, all cultures were pelleted by centrifugation at 2,500 ϫ g and washed once in LB medium. Pellets were resuspended in plain LB broth and transferred to 1 liter of LB with 0.2% glucose medium supplemented with chloramphenicol (50 g/ml), and spectinomycin (25 g/ml) where appropriate. Cultures were grown at 37°C until they reached an OD 600 of 0.5 to 0.55 (2.5 to 5 h) and then immediately chilled on ice. Bacterial pellets were collected by centrifugation at 6,000 rpm at 4°C for 10 min. Inner membrane vesicles were made by the French press method (5), with a few changes. Pellets were stored overnight (9 h) at 4°C. Pellets were suspended in 3 ml (50 mM Tris-HCl, 10 mM MgSO 4 ; pH 7.5) buffer, and 20 units of Ambion DNase I was added. After a final ultracentrifugation step, membranes were suspended in 1 ml TM buffer. Membrane protein concentration was determined with a standard bicinchoninic acid assay with bovine serum albumin as the standard. Membranes were stored at 4°C for up to 36 h until biochemical assays were performed.
Western blot detection of expressed YidC, YidC1, and YidC2 proteins. E. coli membrane preparations or S. mutans whole-cell lysates prepared by glass bead breakage of cells three times for 30 s in a Mini-Bead Beater 8 apparatus (BioSpec Products, Inc., Bartlesville, OK) were electrophoresed on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels. Proteins of interest were detected by immunoblotting using horseradish peroxidase-labeled secondary reagents and development with 4-chloro-naphthol substrate solution. YidC proteins were identified with antisera from rabbits immunized with C-terminal peptides of E. coli YidC or S. mutans YidC1 or YidC2. Western blots of E. coli membranes were also reacted with polyclonal antisera against E. coli full-length YidC or polyclonal antisera to Lep. C-terminal synthetic peptides for S. mutans YidC1 and YidC2 used to immunize rabbits (Proteintech Group, Inc.) were LEDEARE LEAKKRRAKKKAHKKRK and NPPKPFKSNARKDITPQANNDKKLITS, respectively. The C-terminal peptide (CLEKRGLHSREKKK) antiserum against E. coli YidC was obtained from Rosemary Stuart at Marquette University.
Protease accessibility assay. JS7131 cells were grown under yidC expression or depletion conditions. After 3 h of YidC depletion, the JS7131 cells were collected and suspended in M9 minimal medium containing glucose and grown for an additional 30 min. For yidC expression studies, the JS7131 cells were grown in arabinose for 3 h, collected, suspended in M9 minimal medium with arabinose, and grown for an additional 30 min. Production of the plasmid-encoded membrane protein of interest was induced by the addition of IPTG (1 mM final concentration) to the culture for 10 min. The cells were labeled with [ 35 S]methionine for 1 min and then converted to spheroplasts using lysozyme (1 g/ml). Aliquots of the spheroplasts were treated either with or without proteinase K (1 mg/ml) on ice for 1 h (for a-P2 and CyoA-N-P2) or overnight (for c-10h-tag; subunit c of the F o sector of F 1 F o ATPase was fused at its C terminus with an eight-amino-acid peptide [GVQDFTST] , and a 10-histidine tag was placed in the cytoplasmic loop, creating c-10h-tag, which can be detected using a cobalt affinity resin). The acid-precipitated samples that contained a-P2 and CyoA-N-P2 were solubilized and immunoprecipitated with antibody against Lep (which precipitates P2 containing proteins), GroEL (cytoplasmic protein control), and outer membrane protein A (OmpA; outer membrane protein control), as described elsewhere (50) . The c-10h-tag protein was detected differently by a pull-down assay with BD Talon metal affinity resin. Samples were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and visualized by phosphorimaging.
Determination of PMF. The proton motive force (PMF) generated from inner membrane vesicles derived from the YidC depletion strain JS7131 complemented with S. mutans YidC1 or YidC2 constructs was determined. Positive controls included membrane vesicles derived from JS7131 rescued with E. coli YidC and the MC1060 wild-type parent strain of JS7131. Negative controls included membrane vesicles derived from JS7131 harboring the pACYC184 vector only and the F 1 F o ATP synthase-negative mutant strain 1100⌬BC (41) . The assay was performed by adding 500 g of membrane proteins to 3 ml of MOPS buffer (50 mM MOPS [morpholinepropanesulfonic acid], 10 mM MgCl 2 ; pH 7.3) and adding 15 l of 0.5 M ATP. The acidification of the membrane vesicles was determined by monitoring the fluorescence of 9-amino-6-chloro-2-methoxyacridine (ACMA) in a spectrofluorimeter (Photon Technologies International QuantaMaster 4). The integrity of membrane vesicles was determined by adding NADH to each sample and monitoring the fluorescence of ACMA (not shown).
Determination of ATP hydrolysis specific activity. The F 1 F o ATP hydrolysis specific activity was determined by measurement of inorganic phosphate production by the acid molybdate method, after the addition of ATP to membrane vesicles (31) . Membrane proteins (120 g) were used in 3 ml of reaction buffer (50 mM Tris-HCl, 1 mM MgCl 2 ; pH 9.1). A 150 mM ATP stock solution (80 l) was added to start the reaction, which was allowed to proceed for 2, 5, or 7 min. Inorganic phosphate produced was measured, and specific activity was calculated as nmol Pi/min/mg protein.
Signal peptide processing assay. JS7131 cells were grown under YidC expression or depletion conditions. After 3 h of YidC depletion, the plasmid-encoded protein PClep was induced by the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside; 1 mM final concentration) to the culture for 10 min, pulse-labeled with [ 35 S]methionine (100 Ci/ml) for 30 s, and then chased with nonradioactive methionine for 5 s or 120 s. After trichloroacetic acid (TCA) precipitation and immunoprecipitation with anti-Lep, the sample was analyzed by 15% SDS-PAGE and phosphorimaging.
Detection of induction of phage shock protein A. To evaluate expression of the PspA phage shock protein in JS7131 cells complemented with S. mutans YidC1 of YidC2 or derivatives thereof, immunoblot analyses of inner membrane vesicles were performed. Cells expressing plasmid-based S. mutans yidC1 or yidC2 or E. coli yidC were grown in glucose to deplete the chromosomally encoded YidC until the cultures reached an OD 600 of 0.5 to 0.55. A similar growth procedure was used for isolating membranes from MC1060 and E. coli 1100⌬BC. Equal amounts of protein in the membrane vesicles were loaded on a 15% SDS-PAGE gel. For the time-dependent PspA induction study, E. coli JS7131 cells producing the various YidC1 and YidC2 constructs were grown in glucose to deplete the chromosomally encoded YidC for various times. Cells were normalized and added directly to SDS-PAGE gel loading buffer. PspA was detected by immunoblotting using an ECL Western blot detection kit (Amersham Biosciences).
Test of growth complementation of JS7131 by S. mutans YidC1 and YidC2 and derivatives on LB agar plates. The YidC depletion strain JS7131 was grown in LB medium supplemented with 0.2% arabinose at 37°C overnight. After being washed with plain LB twice, the overnight culture was streaked onto LB agar plates containing 0.2% arabinose or 0.2% glucose and incubated at 37°C overnight.
RESULTS
E. coli YidC partially rescues the stress-sensitive phenotype associated with elimination of yidC2 from S. mutans. Elimination of yidC2, but not yidC1, in S. mutans results in substantially slower growth under nonstress conditions and an inability to initiate growth under conditions of acid and osmotic stress (14) . This phenotype is similar to that observed when genes encoding any of the minimal conserved elements of the SRP pathway, including Ffh, FtsY, or scRNA, are eliminated in S. mutans. Contrary to what is found in other bacteria (19, 32) , deletion of these genes from S. mutans is not lethal. S. mutans mutant strains lacking a functional SRP pathway or YidC2 demonstrate significantly decreased proton ATPase activity levels in membrane fractions of cells grown under nonstress as well as acid (pH 5.0) shock conditions. E. coli YidC has been reported to be required for the proper insertion of the Secdependent a subunit and to catalyze the Sec-independent insertion of the c subunit of F 1 F o ATPase. For this reason, we tested whether E. coli YidC could restore the growth defect, especially that associated with acid shock, in S. mutans lacking yidC2. S. mutans YidC1 and YidC2 are predicted to be lipoproteins synthesized with a cleavable signal peptide that is pro- cessed by lipoprotein signal peptidase (43) and, like mitochondrial and chloroplast Oxa1 and Alb3, are predicted to contain five transmembrane segments (Fig. 1A) . The E. coli YidC contains an additional uncleaved transmembrane segment and long periplasmic loop (37) . To facilitate its targeting in S. mutans, we constructed a chimeric gene in which DNA encoding the first 50 amino acids of YidC2 was fused to that encoding residues 59 to 548 of E. coli YidC to generate 50YidC (Fig.  1B) . The S. mutans region contains the predicted lipoprotein signal peptide and a short extracellular region. The E. coli YidC portion includes most of the large periplasmic domain and the five C-terminal transmembrane domains. These five transmembrane domains are well conserved between the E. coli and S. mutans orthologs (Fig. 1C) .
After introduction of the plasmid encoding the chimeric 50YidC into the S. mutans ⌬yidC2 background, Western immunoblot analysis using rabbit antisera generated against Cterminal peptides of S. mutans YidC1, S. mutans YidC2, and E. coli YidC was performed to confirm the appropriate production of YidC1, YidC2, and 50YidC in the S. mutans wild-type, ⌬yidC1, ⌬yidC2, and complemented ⌬yidC2 strains ( Fig. 2A) . All proteins migrated according to the expected molecular mass of a five-transmembrane-domain molecule, indicating the expected cleavage of the S. mutans targeting domain. The migration of the 50YidC chimeric molecule is also consistent with further processing and elimination of the residual sequence up to the first C-terminal transmembrane domain. As expected, growth of S. mutans lacking YidC2, but not YidC1, was notably impeded compared to that of the wild-type strain (Fig. 2B) . Introduction of 50YidC into the S. mutans ⌬yidC2 background largely restored the growth defect, although not to the wild-type level. Growth of the ⌬yidC2 mutant under acid stress conditions (Fig. 2C ) was restored to nearly the wild-type level by 50YidC, whereas growth under osmotic stress conditions was rescued to a more limited extent (Fig. 2D) . These results therefore demonstrate a degree of functional conservation of the YidC orthologs in these two species but also indicate that they are not fully interchangeable and suggest differences in their relative abilities to mediate insertion of some but not all substrates.
Complementation of the E. coli YidC depletion strain with S. mutans YidC1 and YidC2. Previously, the amino-terminal region of E. coli YidC containing its first transmembrane segment and part of the periplasmic region was appended to chloroplast Alb3 and mitochondrial Oxa1 to ensure their efficient insertion into the inner membrane (22, 46) . We followed the same strategy here and made YidC1 and YidC2 chimeras, called 247YidC1 and 247YidC2. These contain E. coli YidC residues 1 to 247 fused to either amino acids 26 to 271 of YidC1 and 25 to 310 of YidC2, respectively (Fig. 1B) . To test FIG. 2 . Confirmation of expression of E. coli yidC in S. mutans and complementation of growth of S. mutans ⌬yidC2 by 50YidC under nonstress, acid stress, and osmotic stress conditions. (A) Western blots of whole-cell lysates of S. mutans wild type, deletion strains, and the complemented ⌬yidC2 strain. Proteins were resolved on 10% SDS-polyacrylamide gels and identified by reactivity with rabbit antisera raised against C-terminal peptides of S. mutans YidC1, S. mutans YidC2, and E. coli YidC. The apparent molecular mass of each protein of interest is indicated. Elimination of yidC2, but not yidC1, from S. mutans results in a stress-sensitive phenotype and the inability to initiate growth following exposure to acid or osmotic shock. The ability of the E. coli chimeric 50YidC to complement the S. mutans YidC2 mutant strain was evaluated in Todd-Hewitt broth (THYE) culture. (B to D) Growth curves under nonstress (pH 7.0), acid stress (THYE, pH 5.0), and osmotic stress (THYE, 4% salt) of wild-type S. mutans, the ⌬yidC1 and ⌬yidC2 mutant strains, and the ⌬yidC2 strain complemented with 50YidC.
whether the S. mutans molecules are functional in E. coli, we first investigated whether the YidC1, YidC2, 247YidC1, or 247YidC2 protein could complement the growth defect of the E. coli YidC depletion strain in broth-grown cells. The YidC depletion strain JS7131 has YidC production under the control of the araBAD promoter and operator; the endogenous chromosomal copy of yidC has been deleted and yidC placed at the lambda att site under the control of the arabinose promoter (38) . Growth in the presence of 0.2% glucose represses yidC expression and leads to depletion of YidC. As YidC is necessary for cell growth, JS7131 grows well in glucose only when plasmid-encoded YidC is present (38) . Complementation was assayed by testing whether S. mutans YidC1 and YidC2 could rescue the growth defect of the JS7131 strain when cells were grown in broth containing glucose (0.2%) ( Table 1 ). All the S. mutans YidC1 and YidC2 constructs were able to substantially restore growth of JS7131, albeit to somewhat varying extents. The positive control, E. coli YidC, restored growth to the greatest extent, compared to JS7131 harboring the pACYC184 empty vector only. S. mutans YidC1 was least effective at complementing the JS7131 growth defect, and appending E. coli amino acids 1 to 247 onto either of the S. mutans proteins slightly improved their ability to support growth. Because both yidC1 and yidC2 are expressed in S. mutans, coexpression of yidC1 and yidC2 in E. coli was also evaluated but showed no greater growth restoration than complementation with yidC2 alone. All the control and test strains had similar doubling times when grown in 0.2% arabinose.
Confirmation of appropriate expression of E. coli YidC and S. mutans YidC1 and YidC2 in the E. coli YidC depletion strain. Before proceeding to the next series of experiments, in which insertion of known YidC substrates into E. coli membrane vesicles was assessed, we confirmed by Western immunoblotting that expression of the chromosomally located E. coli yidC was repressed and YidC was depleted in glucose-grown JS7131 harboring the pACYC184 vector and that expression of yidC or the S. mutans orthologs was induced and detectable in membrane preparations derived from JS7131 cells complemented with the plasmid-based genes. Figure 3A shows the Western blot reacted with an antiserum directed against an E. coli YidC C-terminal peptide. Reactivity was not detected in JS7131 harboring pACYC184 only but was detected in JS7131 complemented with pACYC184 containing yidC and in strain MC1060, the wild-type parent strain from which JS7131 was derived. In addition, YidC was detected in 1100⌬BC, a strain in which the F 1 F o ATPase was eliminated (41) and which was used as a negative control in subsequent PMF assays. As expected, the E. coli YidC C-terminal peptide-specific antiserum did not recognize S. mutans YidC1 or YidC2. Production of YidC1 and YidC2 and 247YidC1 and 247YidC2 was confirmed with antisera raised against C-terminal peptides corresponding to YidC1 (Fig. 3B) and YidC2 (Fig. 3C) . Each unappended or chimeric protein migrated with an apparent molecular mass within several kDa of that predicted. In addition, a polyclonal antiserum raised against purified full-length E. coli YidC (Fig.  3D ) cross-reacted with the 247YidC1 and 247YidC2 chimeric proteins and confirmed comparable expression levels of the endogenous and plasmid-encoded E. coli and the S. mutans molecules. Lastly, an antiserum against a known membrane protein, Lep (Fig. 3E) , was used to demonstrate uniformity of protein concentrations of the membrane preparations from the various strains.
S. mutans YidC1 and YidC2 promote membrane insertion of ATPase subunits a and c in E. coli. Because E. coli YidC could restore the acid-sensitive growth phenotype of the ATPaseimpaired S. mutans ⌬yidC2 mutant strain, and to begin to determine whether the S. mutans orthologs can function in membrane protein biogenesis in E. coli, we investigated the membrane insertion of the YidC-dependent subunits a and c of the a subunit c derivative, c-10h-tag, with a short GVQDFTST tag introduced at the C terminus of the protein and a histidine tag introduced into the short cytoplasmic loop. This allows us to pull down the protein with cobalt chelate resin and monitor the insertion of the protein by digestion with proteinase K (50). JS7131 cells bearing plasmids containing genes encoding 247YidC1, 247YidC2, or both YidC1 and YidC2 were pulsed with [ 35 S]methionine for 1 min and converted to spheroplasts. One aliquot was left untreated and another was treated with proteinase K for 1 h to monitor membrane insertion of the YidC constructs. Figure 4A shows that c-10h-tag accumulated in JS7131 cells depleted of YidC, while c-10h-tag inserted efficiently upon induction of YidC expression and was converted to a shorter protected band. Similar to E. coli YidC, S. mutans 247YidC1, 247YidC2, and YidC1/YidC2 each also promoted insertion of c-10h-tag into the membrane. Similar results were observed with the insertion of subunit a. Insertion of subunit a was monitored using a derivative with a P2 domain (derived from leader peptidase) added to the C terminus so that the protein could be immunoprecipitated with leader peptidase antiserum. JS7131 cells expressing the S. mutans YidC1 and YidC2 derivatives were grown for 3 h in glucose medium to deplete chromosomally encoded E. coli YidC. As shown in Fig. 4B , subunit a was not digested by externally added protease under the YidC depletion conditions in the absence of an S. mutans ortholog. However, in the presence of 247YidC1, 247YidC2, or YidC1/YidC2, subunit a was inserted as efficiently as when E. coli YidC was present. In these experiments, OmpA served as a positive control; its degradation measures the efficiency of spheroplast formation. GroEL, a cytoplasmic protein, was a negative control. We used GroEL to confirm that the spheroplasts are intact. These membrane studies show that, similar to E. coli YidC, the S. mutans orthologs function to insert integral membrane components of the F 1 F o ATPase in E. coli.
Rescue of the impaired PMF and F 1 F o ATPase activity in the YidC depletion strain by S. mutans YidC1 and YidC2. Previously, it was shown that YidC depletion in E. coli leads to a defect in the assembly and activity of the F 1 F o ATPase (48) . Because the S. mutans YidC orthologs demonstrated functional activity with regard to insertion of the ATPase a and c subunits, we next wished to determine whether their expression restored the PMF and F 1 F o ATPase enzymatic activity in the E. coli YidC depletion strain. First, the integrity of the F 1 F o ATPase was evaluated by measuring the PMF with membranes energized by the addition of ATP. Under these conditions, the PMF, or ability to pump protons through membranes, is mediated by the membrane integral F o component of the F 1 F o proton ATPase. The PMF was measured by the fluorescence quenching of ACMA, which was monitored with a spectrofluorimeter. ATP hydrolysis by the F 1 F o ATPase generates a PMF by pumping protons into the lumens of the vesicles. Inverted membrane vesicles were isolated from JS7131 cells containing the pACYC184 vector alone or the vector containing genes encoding YidC, 247YidC1, 247YidC2, YidC1, or YidC2. In addition, membranes were isolated from E. coli 1100⌬BC, which lacks the F 1 F o ATPase (8), as a negative control. Figure  5A shows that, similar to E. coli YidC, each of the S. mutans constructs restored a PMF and rescued the defect in the JS7131 YidC depletion strain. Membrane vesicles derived from the negative control strain 1100⌬BC, which is completely devoid of the F 1 F o ATPase, did not generate a detectable PMF upon addition of ATP to the membranes. Therefore, the low PMF measured in JS7131 harboring the pACYC184 vector We also measured directly the ATPase activity of membranes derived from glucose grown JS7131 cells expressing the S. mutans orthologs with E. coli YidC as a positive control. The specific activity was evaluated by the acid molybdate method, which measures the production of inorganic phosphate after the addition of ATP to the membranes (31) . As can be seen in Fig. 5B , the YidC depletion strain has reduced ATPase activity compared to the same strain expressing yidC from the pACYC184-based plasmid. Likewise, the S. mutans YidC1 and YidC2 proteins and their derivatives restore the ATPase activity to a level comparable to that achieved when E. coli YidC is present, indicating that each of the S. mutans orthologs can function to confer F 1 F o ATPase activity when present in E. coli.
S. mutans YidC1 and YidC2 promote membrane insertion of M13 procoat protein and the amino-terminal portion of preCyoA. To continue exploring the degree of functional redundancy of the YidC orthologs, the S. mutans proteins were tested for their ability to mediate membrane insertion of other known E. coli YidC-dependent substrates. Previous studies have shown that the M13 procoat and PClep require YidC for membrane insertion (11, 38) . PClep is a small M13 phage coat protein fused at its C terminus with the P2 domain of leader peptidase (11) . To examine membrane insertion, JS7131 cells expressing PClep and the S. mutans YidC orthologs were labeled with [ 35 S]methionine for 30 s and chased with cold methionine for 5 or 120 s. Figure 6A shows that when 247YidC1, 247YidC2, or YidC1/YidC2 are present with PClep in the YidC depletion strain, signal peptide processing is similar to that observed when E. coli yidC expression is induced with arabinose. In JS7131 grown in glucose (a negative control), processing of PClep to Clep is inhibited.
We next tested membrane protein insertion of a key subunit of the respiratory complex cytochrome bo oxidase. CyoA, subunit II of cytochrome bo oxidase, is known to require E. coli YidC for membrane insertion (9, 13, 44) . CyoA is a lipoprotein and spans the membrane twice, with both its N and C termini localized in the periplasmic space (27) . It is made in a precursor form termed pre-CyoA with a cleavable signal peptide. After membrane insertion, pre-CyoA is cleaved by signal peptidase 2 to the mature CyoA protein (44) . Interestingly, the amino-terminal portion of pre-CyoA inserts by the YidC-only pathway, while the large C-terminal domain translocates across the membrane by the Sec pathway (9, 44) . Here, we examined the membrane insertion of the Sec-independent CyoA aminoterminal domain using the preCyoA-N-P2 derivative. The P2 domain (derived from leader peptidase) is added in the cytoplasmic loop so that we can immunoprecipitate the protein using anti-leader peptidase serum. JS7131 producing S. mutans 247YidC1, 247YidC2, or YidC1/YidC2 was grown in LB for 3 h in glucose to deplete the chromosomally encoded E. coli YidC. The cells were pulsed with [
35 S]methionine for 1 min, converted to spheroplasts, and subjected to a protease accessibility study. When YidC is depleted (Fig. 6B) , preCyoA-N-P2 accumulates and is resistant to proteinase K digestion. When YidC is produced or when a S. mutans ortholog is present under YidC depletion conditions, CyoA-N-P2 is processed by signal peptidase 2 and digested by proteinase K to a shorter protected fragment (Fig. 6B) . These results indicate that when they are produced in E. coli, the S. mutans YidC1 and YidC2 orthologs can functionally replace YidC to insert its known substrates, M13 procoat protein and the N-terminal portion of pre-CyoA.
Induction of the phage shock PspA protein in the E. coli depletion strain complemented with S. mutans YidC1 and YidC2. As a final step to investigate whether the S. mutans YidC1 and YidC2 homologs can completely substitute for YidC in E. coli, we tested whether the stress phage shock PspA protein is induced in the YidC depletion strain produc- (A) The F 1 F o ATPase activity was measured by examining the PMF generated upon addition of ATP to membrane vesicles. Inner membrane vesicles were prepared as described in Materials and Methods from E. coli 1100⌬BC (curve 1) engineered to lack a functional F 1 F o ATPase, from the YidC depletion strain JS7131 harboring the pACYC184 vector alone (curve 2), and from JS7131 harboring pACYC184 containing genes encoding E. coli YidC (curve 3) or S. mutans 247YidC1 (curve 4), 247YidC2 (curve 5), YidC1 (curve 6), or YidC2 (curve 7). Five hundred micrograms of membrane proteins was used to analyze PMF, through the quenching of ACMA monitored with a spectrofluorimeter. The integrity of membrane vesicles was determined by adding NADH to each sample and monitoring the fluorescence of ACMA (not shown). (B) The ATP specific activity associated with the membrane fractions was determined by the acid molybdate method (31) . The inner membrane vesicle preparations (120 g) that were used for the PMF assay were also used for the ATP hydrolysis assay. Specific activities were calculated as nmol P i /min/mg protein. To examine in more detail the PspA induction profile in the presence of the S. mutans orthologs, we next performed a time course experiment. After 3 h of growth in glucose, JS7131 expressing 247YidC1, 247YidC2, or YidC1/YidC2 did not show an induction of PspA (Fig. 7B) . However, this stress protein was induced after 4 h of growth in the depletion strain producing 247YidC1 or 247YidC2. Interestingly, JS7131 cells containing both YidC1 and YidC2 show induction of the PspA protein at the 5-h, but not the 4-h, time point. These results reiterate that 247YidC1 and 247YidC2 only partially complement the PspA shock response in JS7131 and suggest a potential cooperative activity of S. mutans YidC1 and YidC2 that can further alleviate the phage shock response, as evidenced by an additional delay in PspA induction.
Complementation of E. coli growth by S. mutans YidC1 and YidC2 on solid medium. Surprisingly, we observed different results when the E. coli YidC depletion strain JS7131 was complemented with S. mutans 247YidC1, 247YidC2, YidC1, YidC2, or YidC1/YidC2 and streaked on LB agar plates compared to growth in LB broth (Fig. 8) . Under YidC repression conditions on 0.2% glucose, JS7131 was unable to grow, while complementation following introduction of the positive control plasmid encoding E. coli YidC was readily apparent. On the control plate, all strains were viable and grew equally well in the presence of 0.2% arabinose. Poor complementation with unappended S. mutans YidC2 and none with unappended YidC1 were observed on 0.2% glucose. However, complementation was notably improved for YidC2 when the chimeric version of the protein, 247YidC2, was used. Slight growth of JS3171 was consistently observed in the presence of 247YidC1. Interestingly, coexpression of yidC1 and yidC2 resulted in improved complementation compared to expression of either alone. Despite clearly observable growth of JS7131 complemented with 247YidC2 or YidC1/YidC2, this growth was slower than when JS7131 was complemented with E. coli YidC. Collectively, these results indicate a functional difference between S. mutans YidC1 and YidC2 when they are expressed in E. coli that is more readily detectable when the cells are grown on solid but not in liquid medium. In addition, similar to the results described above for the delay in induction of the phage shock response, S. mutans YidC1 and YidC2 appear to act in a cooperative manner in E. coli that is more readily observed under certain growth conditions.
DISCUSSION
In this report we showed that in many instances YidC orthologs from gram-positive and gram-negative organisms behave as functional equivalents, but this is not the case in every experiment. Results vary depending not only on the YidC variant itself but also on their context, including the host species and the environmental conditions under which they are grown. Although the molecular basis of salt sensitivity of the yidC2 mutant is not yet understood, our results suggest that YidC2 contributes to membrane biogenesis to confer osmotic tolerance in a way that cannot be fully replicated by E. coli YidC. Acid tolerance in S. mutans has been more widely studied and is mediated in large part by the proton pump of the F 1 F o ATPase (4). The known participation of E. coli YidC in the membrane insertion of the a and c subunits of the F o component of the F 1 F o multisubunit ATPase enzyme complex (51) is thus consistent with its ability to restore acid tolerance to the S. mutans ⌬yidC2 mutant. However, while both S. mutans YidC1 and YidC2 function when introduced into the E. coli YidC depletion strain to insert the a and c subunits and to restore the PMF and ATPase activity ( Fig. 3 and 4) , indicating proper assembly of the enzyme, elimination of yidC1 from S. mutans does not confer an acid-sensitive phenotype (14) . This interesting dichotomy suggests that while E. coli YidC and both of the S. mutans orthologs are equally effective with regard to the YidC-dependent steps involved in conferring the proton pumping capacity of the F 1 F o ATPase in E. coli, in the S. mutans background, YidC2 contributes a function that is not shared by YidC1.
Results presented in this paper confirm an expected conservation of function between YidC orthologs of gram-negative and gram-positive bacteria, although at least some of this functional activity appears to be vestigial, as both of the S. mutans YidC orthologs substituted for the E. coli protein in the insertion of the CyoA-N-P2 derivative of subunit II of cytochrome bo oxidase despite the lack of this respiratory complex in S. mutans. Also, while one would not expect such an encounter in nature, both S. mutans orthologs functioned to insert the PClep derivative of the M13 bacteriophage procoat protein. Therefore, depending on the host species or organelle and the substrate, functional substitution of YidC/Oxa1/Alb3 family members may be independent of or dependent on unique structural features of the proteins. For example, YidC orthologs in gram-negative organisms lack a charged carboxylterminal domain that is located at the end of mitochondrial Oxa1 and chloroplast Alb3 (25, 49) . E. coli YidC can functionally replace mitochondrial Oxa1 only if the carboxyl-terminal ribosomal binding domain of Oxa1 is appended to YidC (33) . Recently it was shown that mitochondrial Oxa1 promotes assembly of Atp9 (the mitochondrial homolog of the bacterial subunit c) into the mitochondrial F 1 F o -ATP synthase complex in a posttranslational manner that is not dependent on the C-terminal region of Oxa1 (21). Oxa1 is not required for insertion of Atp9, in contrast to E. coli YidC, which is essential for membrane insertion of subunit c both in vivo and in vitro (45, 47, 51 (14) . Likewise, at least some degree of cooperation and/or overlap of YidC1 and YidC2 function is implied, since double mutants of yidC1 and yidC2 also are not viable. Membrane composition changes and the physiological adaptation associated with perturbations in protein translocation in the gram-positive organism S. mutans have only recently begun to be defined (15) . S. mutans YidC1 and YidC2 and their derivatives 247YidC1 and 247YidC2 complemented growth in broth of the YidC depletion strain JS7131 (Table 1 ) and in all cases tested also functioned in the membrane insertion of known E. coli YidC substrates (Fig. 4 and 6 ). Despite this demonstrated interchangeability between the bacterial YidC orthologs, these proteins apparently also are optimized for the specific systems in which they reside. For example, a residual perturbation in membrane biogenesis is indicated by induction of the phage shock stress protein PspA when S. mutans YidC1 and YidC2 derivatives are present in the JS7131 YidC depletion strain (Fig. 7) . In E. coli, pspA expression is induced by several environmental stress conditions, including infection with filamentous phage, disruption of the PMF, high temperature, osmotic stress, ethanol or organic solvent exposure, and stationaryphase alkaline pH (reviewed in reference 35). The S. mutans YidC orthologs do not completely complement the phage shock protein response in E. coli, as PspA induction is delayed but not totally eliminated, suggesting that the cells still sustain some alteration in membrane composition. However, the detectable phage shock response is not due to an inability of the F 1 F o ATPase to generate a PMF using ATP as the energy source (Fig. 5) . A cooperative interaction between S. mutans YidC1 and YidC2 is also implied, as PspA induction was further delayed when both proteins were produced simultaneously in E. coli. This result would be consistent with at least some circumstances in which the two S. mutans paralogs work in concert and the inability to delete both of them simultaneously from this organism.
Lastly, we found that S. mutans 247YidC1, YidC1, and YidC2 cannot substitute to an appreciable extent for E. coli YidC in JS7131 during growth on solid agar plates (Fig. 8) , possibly because they are not fully operational in supporting membrane insertion of a key protein or proteins needed under these conditions. Interestingly, replacing the N terminus of the S. mutans orthologs with the N-terminal 247 amino acids of E. coli YidC, encompassing the first transmembrane domain and periplasmic loop (Fig. 1) , improved complementation of JS3171 growth on plates compared to broth cultures. This was particularly evident for the YidC2 construct. The lack of a universal requirement for this sequence was underscored in experiments in which each of the S. mutans proteins restored the PMF in the E. coli YidC depletion strain regardless of whether the E. coli N-terminal region was appended. Again, similar to the potential cooperative activity observed between YidC1 and YidC2 in the delay and partial alleviation of the phage shock response in JS7131, the degree of rescue of E. coli growth on plates was also visibly improved by simultaneous expression of YidC1 and YidC2 compared to either protein alone.
Taken together, our results add to the growing body of evidence indicating functional overlap between the evolutionarily conserved YidC/Oxa1/Alb3 family of bacterial and organelle proteins but also highlight the underlying complexity and existence of unique features dictating their full range of functions in the systems under which they operate.
